Objectives: Neurological impairment occurs in up to 25% of infants undergoing cardiopulmonary bypass with or without circulatory arrest. Potential causes include alterations in cerebral blood flow, hypoxia and embolisation. During cardiopulmonary bypass, arterial oxygen tension is maintained at levels which under normal conditions cause cerebral vasoconstriction; this is a potential mechanism for ischaemia. The aim of this study was to explore the relation between arterial oxygen tension and cerebral blood flow during cardiopulmonary bypass. Methods: Near infrared spectroscopy was used to explore the relation between arterial oxygen tension and cerebral blood flow in 14 patients (median age 8 months; range 1 month to 10 years 11 months). The relations between arterial oxygen tension, arterial carbon dioxide tension, temperature, haematocrit, pump flow rate, mean arterial pressure and cerebral blood flow, were examined using multivariate analysis. Results: There was no relation between cerebral blood flow and arterial oxygen tension, but a highly significant relation was observed between cerebral blood flow and pump flow rate, with cerebral blood flow decreasing 4.2-fold per L . m − 2 . min − 1 decrease of pump flow rate. Conclusion: There was no relation between arterial oxygen tension and cerebral blood flow during cardiopulmonary bypass, but low pump flow rate may lead to reduced cerebral blood flow. © 1997 Elsevier Science B.V.
Introduction
Neurological impairment occurs in up to 25% of all infants and children undergoing hypothermic cardiopulmonary bypass (CPB) with or without circulatory arrest [10] . In our unit, a recent survey found a 6% incidence of acute neurological disturbance such as seizures, pyramidal and extrapyramidal disorders and alterations of consciousness [9] . Suggested mechanisms leading to neurological damage during CPB include ischaemia, hypoxia and embolisation.
The normal range of arterial oxygen tension (P a O 2 ) in humans varies within a range of about 9-14 kPa, but during CPB, with very efficient blood gas exchange, P a O 2 may range from 10 to above 40 kPa. There is evidence from studies of animals that an elevated P a O 2 causes vasoconstriction under normal conditions [4] . If this were to occur during CPB in addition to cerebral blood flow (CBF) reduction via other mechanisms, CBF might be reduced to low enough levels to cause ischaemic brain damage. There is little information regarding the effect of P a O 2 on CBF during CPB. Our hypothesis was that increasing P a O 2 during CPB decreases CBF. We have used near infrared spectroscopy (NIRS) to test this hypothesis through the range of oxygen tensions used in normal clinical practice.
Materials and methods
The study was approved by the Research Ethics Committee of the Great Ormond Street Hospital for Children (December 1993) and written, informed consent was obtained from the parents of the children studied.
Measurement of CBF by NIRS
The principle of NIRS, that biological tissues are relatively transparent to light in the near infrared spectrum (700-1000 nm), was first described by Jobsis [16] in 1977. Within the brain, the three main absorbers of near infrared light (chromophores) are oxyhaemoglobin (HbO 2 ), deoxyhaemoglobin (Hb) and oxidized cytochrome aa 3 (cytO 2 ), the terminal member of the mitochondrial respiratory chain. Changes in concentration of these chromophores can be calculated from measured changes in light absorption at the wavelengths used.
CBF can be estimated using a modification of the Fick principle which employs indocyanine green (ICG) as an intravascular and non-diffusible tracer [21] . A bolus of ICG is injected into the arterial blood stream, [ICG blood ] and this is monitored using an intravascular fibreoptic densitometer sited within the CPB circuit. The increase in cerebral [ICG brain ] may be measured by NIRS. If measurements are complete before the dye leaves the optical field, i.e. in less than the cerebral vascular transit time, CBF can be calculated from the expression:
where k F is a constant reflecting the molecular weight of ICG and tissue density. Optical scattering of photons by biological tissue means that the distance travelled by light in the brain, the optical pathlength, is greater than the linear distance between its entry and exit point. A differential pathlength factor which accounts for the effect of scattering has been measured in the newborn and adult head from previous studies and the values obtained have been found to be relatively robust if the distance between light entry and exit is over 2.5 cm. For infants less than 24 months of age, a differential pathlength factor of 4.39 was used and for children above this age, the factor used was 5.93 [25, 26] .
Patients
Fourteen patients, median age 8 months (range 1 month to 10 years 11 months), undergoing open surgical correction of congenital heart defects, were studied. All the patients studied had been born at term. Diagnostic and procedural data are shown in Table 1 . Five patients were cyanotic and nine were acyanotic.
Anaesthesia
Anaesthesia was standardised bearing in mind the age and clinical condition of the patient. Children of less than 8 kg body weight received atropine (20
) intramuscularly, 45 min pre-operatively, those between 8 and 15 kg received an injection of pethidine compound (0.08 ml . kg ) by intramuscular injection 1 h pre-operatively. One patient of 6 kg was given morphine and atropine intramuscularly, whilst another patient who refused an injection was given temazepam (0.5 vg . kg
−1
). Induction was by inhalation (nitrous oxide, oxygen and halothane), or by intravenous thiopentone (3 -5 vg . kg
). Thereafter, anaesthesia was maintained by fentanyl (10-40 vg . kg ) repeated as required and the patient was ventilated using intermittent positive pressure ventilation (IPPV) initially to normocapnia using nitrous oxide in oxygen (50:50). Isoflurane (0 -1%) was administered pre-bypass but was not employed during CPB.
CPB management
CPB was conducted using hypothermic haemodilution techniques using a non-pulsatile roller pump (Stö ckert, Munich, Germany) and membrane oxygenator (701 or 702, Dideco, Mirandola, Italy). The target haematocrit was in the range 22 -25%, the pump flow rate was at full flow where possible, at 2.4 L . m − 2 . min − 1 and the temperature varied according to clinical need. Details of the priming protocols are published elsewhere [15] . The alpha-stat method of arterial blood gas management was used.
Experimental protocol
A commercial spectrophotometer (NIRO 500, Hamamatsu, Hamamatsu City, Japan) was used. Light at four wavelengths (776, 819, 843 and 913 nm) was conveyed to the child's head via a flexible fibreoptic bundle which terminated in an optode that was applied to the frontoparietal region of the child's head after induction of anaesthesia. Transmitted light emerging was collected via another optode and fibreoptic bundle leading to the photon detector in the spectrophotometer. The distance between the position of the two optodes was measured with mechanical callipers, and was always greater than 3 cm.
To prevent interference from background light, the head was wrapped in a light-tight cloth. Measurements were made continuously and collected into 0.5 s time bins. They were displayed instantaneously and stored on computer disc for subsequent analysis. The arterial concentration of tracer was optically quantified by using a fibreoptic probe (IVH4, Pulsion Medizintechnik, Munich, Germany) placed in the arterial line of the CPB circuit at its junction to the aorta. ICG (0.1 . mL . kg − 1 ) was injected upstream to this probe. CPB conditions were considered to have reached steady state when the P a O 2 and the temperature were stable. CBF measurements were only made during periods of stability, particularly with respect to temperature and haematocrit, but temperature, haematocrit and P a CO 2 were measured at the time of each CBF measurement in case there had been any change as the operation continued. The study was chosen to be performed during periods of stable hypothermia and during use of haemodilution as these are the conditions under which CPB is normally performed. Changes in P a O 2 were made by varying the inflow of oxygen through the pump oxygenator system, always keeping the arterial oxygen saturation above 99%.
Arterial blood gases and haematocrit were measured simultaneously with CBF measurements. The P a O 2 was altered in temperature-uncorrected increments from 10 up to 60 kPa; 10 min after each increment of approximately 10 kPa, two successive measurements of CBF were made in rapid succession, allowing CBF measurements to be made with each change of oxygen tension at approximately 15 min intervals. The surgical procedures were not prolonged for the purpose of the study.
Statistical analysis
Data were analysed using multiple linear regression [12] . Variables were entered into the regression model simultaneously, with log CBF as the dependent variable and a series of independent variables (P a O 2 , P a CO 2 , mean arterial pressure, haematocrit, temperature, cyanosis and pump flow rate). Average values were allowed to vary between individuals. Interindividual variability was assumed to be similar for each of the individuals. Changes in CBF are presented together with 95% confidence limits. Computations were made using the SPSS statistical package (SPSS, Chicago, IL).
Results

Clinical outcome
Patient 1 died post-operatively of severe pulmonary hypertension, interstitial fibrosis and emphysema, patients 12 and 14 had to be treated for temporary heart block post-operatively. All other patients made uneventful recoveries.
Cerebral blood flow measurements
An example of the change of ICG concentrations in arterial and cerebral blood during a measurement of CBF is shown in Fig. 1 . A total of 160 measurements were made during stable hypothermia in the 14 patients. tion spectra for all mobile chromophores present; (ii) the validity of the modified Beer-Lambert relationship [7] ; (iii) the correct values for the differential pathlength factor [25] and (iv) accurate analysis of absorption changes [5, 6] . These conditions were fulfilled in this study. The method of NIRS is still in development and it is not possible to obtain information on the regional distribution of oxygenation and blood flow.
Cerebral blood flow measurement
The modification of the Fick equation used for CBF measurements has previously been investigated using oxyhaemoglobin as the tracer molecule and was shown to give comparable results to 133 Xenon clearance measurements of CBF in sick newborn infants [2, 23] . However, the use of oxyhaemoglobin as a tracer requires the assumption that oxygen consumption does not change during the changes in arterial oxygen saturation. As this cannot easily be shown to be true during CPB using conventional techniques, we have developed the current method to allow CBF measurements which can be made with sufficient rapidity and frequency. A previous study has shown that the variation in DPF (differential pathlength factor) is less than 10% [8] . There is a variation in DPF that is dependent on age, and there is a large interindividual variation. We have used the conventional method of employing neonatal values for DPF for children under 2 years of age, and adult values for children over the age of 2 years. The measurement of blood flow by NIRS using ICG is similar to the method of using a change in arterial oxyhaemoglobin but avoids any assumption concerning cerebral oxygen consumption. The signal-to-noise ratio is improved substantively by the use of ICG, compared with the method employing oxygen as a tracer. Left to right shunts did not affect the study as CBF measurements were only taken when the aorta was crossclamped.
The variation in premedication would not have affected CBF measurements. Ketamine and halothane were only used on induction. The time from use of these agents to measurements of CBF on CPB was at least 40 min, by which time these agents would have been excreted.
Relationship of arterial oxygen tension and cerebral blood flow
CBF increases when P a O 2 falls below 4 kPa [13] and a previous study in adults undergoing CPB was reported as demonstrating a vasoconstrictor effect of high P a O 2 [14] . CBF and P a O 2 appear to be related over a wide range of values of P a O 2 [22] , although there is Table 2 shows the clinical variables measured as mean minimum and mean maximum values for mean arterial pressure, temperature and haematocrit. There was no relation between CBF and arterial oxygen tension (Fig.  2) . A secondary finding was that when the percentage decrease in CBF was plotted against fraction of full pump flow, there was a direct relation between decrease in CBF and pump flow rate. CBF decreased 4.2-fold per L . m −2 · min − 1 decrease of pump flow rate. Six out of 15 patients experienced a decrease in pump flow rate of more than 25%. With these six patients, CBF decreased 7.3-fold per L . m − 2 . min − 1 decrease of pump flow rate with 95% confidence limits of +3.0 and + 16.8. Mean arterial pressure (MAP) was removed from the analysis, as there was covariance in this sample. All 14 patients were analysed again without MAP as a variable; this gave a 5.94-fold decrease per L . m − 2 . min − 1 decrease of pump flow rate, with 95% confidence limits of +2.5 and +10.1. Fig. 3 shows the regression lines of all the patients. Table 3 contains the results of the multivariate analysis. Cyanosis was added as an extra variable and was found not to be significant.
Discussion
NIRS
Accuracy of NIRS depends on (i) accurate absorp- some debate as to whether hyperoxia reduces CBF [4, 19] . Newborn animal subjects may be more sensitive [17] to hyperoxia than adults and newborn infants seem to suffer significant and prolonged vasoconstriction following resuscitation with high oxygen concentrations [20] . During CPB, arterial oxygen tension can vary widely and may rise to very high levels because of the efficiency of the blood gas delivery system. Little is known about the effect of high oxygen tension on CBF in children under these circumstances, when other changes may be occurring, for example in pump flow or temperature. This study failed to show any direct relationship between CBF and P a O 2 in the range of P a O 2 greater than 10.5 kPa (Fig. 2) and there was no evidence of any cerebral vasoconstriction up to a P a O 2 of 59.4 kPa. The presence of cyanosis did not alter these results.
Other authors [4] have also demonstrated that hyperoxia has no effect on CBF. In this study, one possible explanation of the fact that there was no relation between CBF and P a O 2 is that when P a O 2 was corrected for temperature [3] , the highest P a O 2 obtained was 27.57 kPa. Alternatively, nitrous oxide, which causes cerebral vasodilatation [11] , may have attenuated any effect of changing P a O 2 in our study. Whether or not these are factors in the setting of CPB, high P a O 2 appears to have no significant vasoconstrictor effect.
CBF and pump flow rate
There was a significant relationship between CBF and pump flow rate (Fig. 3) . When interindividual variance was accounted for by the use of dummy variables, it could be calculated that CBF decreased by 4.2-fold per L . m − 2 . min − 1 of pump flow rate (Table  3) . In children, low-flow CPB appears to be associated with less severe cerebral consequences than deep ischaemic arrest [1] , and animal work has suggested that there may be a minimum pump flow rate below which there is depletion of high energy phosphates and intracellular acidosis [24] . Previous research showed that CBF was unchanged if pump flow rate was reduced to 45% of peak pump flow rate [18] . The changes in CBF associated with pump flow may thus be clinically significant, although there has been little attempt to define a minimum safe flow. NIRS might be a useful tool in this context. 
Implications
Our data suggest that there is no relation between arterial oxygen tension and cerebral blood flow. However, the change in CBF associated with a decrease in pump flow rate requires further study together with metabolic correlation.
